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Introduction {#sec1}
============

Ribosome recycling is an integral step of mRNA translation and surveillance at the core of protein homeostasis, ribosome-based quality control, and thus ribosome-related diseases ([@bib24], [@bib39], [@bib43]). This cyclic process connects termination with initiation ([@bib14]). The ATP-binding cassette (ABC) protein ABCE1 facilitates ribosome recycling by splitting archaeal and eukaryotic ribosomes into large and small subunits ([@bib3], [@bib45], [@bib49]). ABCE1 has been linked to diverse functions: innate immunity, tissue homeostasis, HIV capsid assembly, ribosome biogenesis, and translation initiation ([@bib6], [@bib9], [@bib11], [@bib25], [@bib34], [@bib40], [@bib51], [@bib56]). However, given that ABCE1 is universally conserved, ribosome recycling represents the fundamental function in all organisms except bacteria ([@bib3], [@bib45], [@bib49]). ABCE1 splits ribosomes either after canonical termination facilitated by release factors (e/aRF1) or after recognition of stalled and vacant ribosomes by mRNA surveillance factors (e/aPelota and Dom34 in yeast) ([@bib3], [@bib45], [@bib49], [@bib51], [@bib53]).

ABCE1 belongs to the ubiquitous superfamily of ABC proteins, which use ATP binding and hydrolysis in two conserved nucleotide-binding domains (NBDs) for mechanochemical work via accessory domains ([@bib21], [@bib36], [@bib52]). In ABCE1, two head-to-tail-oriented NBDs are linked via two composite hinge regions. Walker A and B motifs in one NBD, as well as the ABC-signature motif and D-loop in the opposing NBD, align the two ATP sites (sites I and II hereafter) to coordinate Mg(II)-ATP for a hydrolytic attack of water, which is polarized by a catalytic glutamate residue ([@bib3], [@bib8], [@bib27], [@bib50]). A functional and structural asymmetry of the two ATP sites has been observed in ABCE1 ([@bib3], [@bib44]). High-resolution structures of ABCE1 suggest that ATP binding and hydrolysis cause a tweezer-like movement of the two NBDs between an open and an ATP-occluded state ([@bib5], [@bib7], [@bib18]), a mechanism that is also anticipated for ABC transporters ([@bib8], [@bib50]). ABCE1 contains a unique N-terminal FeS cluster domain, harboring two diamagnetic \[4Fe-4S\]^2+^ clusters (FeS) ([@bib2]). In combination with an ATP-dependent motion of the NBDs, the FeS cluster domain is responsible for ribosome splitting ([@bib3], [@bib5], [@bib7], [@bib18], [@bib44]).

Functional and structural data provided first insights into the role of ABCE1 in ribosome recycling ([@bib3], [@bib5], [@bib18], [@bib44], [@bib45], [@bib49]). ABCE1 binds to terminated or stalled 70/80S ribosomes in the presence of e/aRF1 or e/aPelota, establishing a pre-splitting complex (pre-SC) ([@bib5]). Previous studies demonstrated that ribosome splitting depends on a mechanistic link between the FeS cluster domain and a conformational switch of the NBDs ([@bib3]). The FeS cluster domain swings 150° out of the NBD cleft into the inter-subunit space of the ribosome, driving the subunits apart ([@bib18]). The hinge 1/2 region assists as a pivot point in closing and opening the NBD dimer. Hence, the large subunit is released and the post-splitting complex (post-SC) is available for subsequent translation initiation ([@bib18]). One key aspect is the nucleotide-dependent conformational switch of the ATP sites driving ribosome splitting. However, the conformational states of the two ATP sites in ribosome recycling have so far remained elusive. A deeper understanding of the conformational states, and particularly of the dynamics of the ATP sites, will provide essential details regarding the molecular mechanism of ABCE1 and other ABC proteins.

Therefore, we set out to study the ribosome recycling factor ABCE1 using an integrated biophysical approach that allows simultaneously the monitoring of the dynamic equilibrium of conformational states and the binding to allosteric modulators. ABCE1 from the crenarchaeon *Sulfolobus solfataricus* was chosen as a model. Because 70S ribosomes from *S. solfataricus* are intrinsically labile ([@bib37]), we isolated 70S from *Thermococcus celer* ([@bib3], [@bib44]). We used single-molecule-based Förster resonance energy transfer (smFRET) as a spectroscopic ruler to determine distance changes between two fluorescent probes and to assess conformational states and dynamics of ABCE1. Simultaneously, we monitored the diffusion properties of ABCE1 to probe its association with the 70S and 30S ribosomes.

In contrast to the deterministic two-state model of other ABC proteins \[open (monomer) − closed ATP bound (dimer)\], we found that in ABCE1, both sites are always in a dynamic equilibrium across three conformational states: open, intermediate, and closed. The conformational behavior of the two sites is asymmetric, allowing, for example, one site to close while the other is open. The equilibrium is biased toward the intermediate state when ABCE1 binds to 70S and toward the closed state within the post-SC. An allosteric conformational transition subsequent to ATP binding is the rate-limiting step for altering ABCE1 conformational equilibrium. Dissociation of ABCE1 from the 30S ribosomal subunit is induced by ATP hydrolysis because ADP occupancy was found to be incompatible with 30S association. This final step completes the recycling process and is followed by opening of the sites. The presented study provides unprecedented insights into the conformational landscape of ABCE1 and its dynamics at the different steps of the ribosome recycling process.

Results {#sec2}
=======

smFRET Monitors the Tweezer-like Movement at each ATP Site of ABCE1 {#sec2.1}
-------------------------------------------------------------------

To characterize the dynamic behavior of the two ATP sites of ABCE1 by smFRET, double-cysteine variants of ABCE1 were generated ([Figure 1](#fig1){ref-type="fig"}A). We used an established strategy to replace non-conserved, solvent-exposed residues by cysteines to allow site-specific labeling with organic fluorophores at strategic positions ([@bib15]). Based on the available structural information of ADP-bound ABCE1 ([@bib3], [@bib27]), the variants ABCE1^I124C/K430C^ and ABCE1^K177C/T393C^ were created to probe the conformational states and dynamics of sites I and II, respectively. They were named site I and II variants. For fluorescent labeling, the cysteine pairs were positioned at C~α~ distances of approximately 5.0 nm (site I) and 4.5 nm (site II) ([Figure 1](#fig1){ref-type="fig"}A). Stochastic labeling was realized by mixing of purified ABCE1 with two fluorophores, e.g., the spectrally distinct green FRET donor (D, Cy3B) and the red FRET acceptor (A, Atto647N) (details in [Method Details](#sec4.4){ref-type="sec"}). By carefully optimizing the purification and labeling conditions, the eight cysteines coordinating the two FeS clusters remained intact and did not lead to detectable background labeling. In our assay, the FRET efficiency E was in the range of 0 to 1 and reports on the relative inter-probe distance (for details for deriving apparent FRET efficiency E^∗^ see [Method Details](#sec4.4){ref-type="sec"}), validated by steady-state fluorescence anisotropy experiments and the use of different fluorophore pairs for smFRET (compare mean FRET values of the site II variant labeled Cy3B/ATTO647N and Alexa 555/647) ([Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}).Figure 1Biochemical Function of FRET Pair-Labeled ABCE1(A) Double-cysteine variants probing the conformational states of site I (ABCE1^I124C/K430C^) or site II (ABCE1^K177C/T393C^) via smFRET are depicted on the crystal structures of ABCE1 ([@bib3], [@bib27]). Middle: cryo-EM structure of the ribosome-bound (pre-splitting complex) intermediate state of ABCE1 ([@bib5]). Right: cryo-EM structure of the closed (ATP bound) state bound to the small ribosomal subunit (post-splitting complex) ([@bib18]).(B) ABCE1 wild type and variants were purified to homogeneity by metal affinity and anion exchange chromatography. SDS-PAGE (12.5%, Coomassie and in-gel fluorescence). Donor and acceptor fluorophores are illustrated as D and A, respectively.(C) FRET pair-labeled ABCE1 variants were analyzed by fluorescence-based size-exclusion chromatography (SEC) and subsequently used for smFRET.(D) ATPase activity of ABCE1 before (gray) and after (white) fluorescence labeling. Data represent mean ± SD from three independent experiments.

Expression conditions and the purification strategy, using metal affinity, anion exchange, and size exclusion chromatography, were optimized for all ABCE1 variants ([Figures 1](#fig1){ref-type="fig"}B and 1C; [Method Details](#sec4.4){ref-type="sec"}). Protein absorbance (280 nm) and fluorescent intensities (Cy3B, 559 nm; Atto647N, 645 nm) indicated high degrees of labeling (\>85%). The characteristic absorbance of the FeS clusters was monitored at 410 nm, and only the labeled ABCE1 samples with correctly assembled FeS clusters were further analyzed ([@bib2]). The activity of FRET-labeled ABCE1 variants was verified by determining the basal ATP hydrolysis, which was similar to the wild type (turnover ≈ 5 ATP/min) ([Figure 1](#fig1){ref-type="fig"}D; [Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). Nucleotide-dependent formation of the pre-SC and post-SC, as well as ribosome splitting, was confirmed for all labeled ABCE1 variants ([Figures S1](#mmc1){ref-type="supplementary-material"}C--S1F).

To derive insights into the conformational dynamics of ABCE1, we aimed to probe the conformational states of sites I and II at different steps of the splitting cycle that were previously assigned to distinct conformational states by chemical cross-linking, mass spectrometry, and cryoelectron microscopy (cryo-EM) studies ([@bib5], [@bib7], [@bib18], [@bib28]). The goal of our present study was to arrest intermediates of the recycling process in the form of stable nucleotide-free or nucleotide-bound states using ADP or the non-hydrolysable ATP analog AMP-imidodiphosphate (PNP) and appropriate conditions for ribosome association. The conformational dynamics of ABCE1, which provide the basis for a holistic understanding of its molecular mechanism, have not been assessed to date. Because *S. solfataricus* ABCE1 operates at physiological temperatures of 70°C--80°C, the conformational dynamics of ABCE1 from this organism can be locked at any time by rapid cooling to 4°C ([@bib3]). Thus, any population distribution determined by smFRET represents a static snapshot of the respective conformational equilibrium at physiological temperatures.

Both ATP Sites Show Distinct Equilibria of Three Conformational States {#sec2.2}
----------------------------------------------------------------------

We used microsecond alternating laser excitation (μs-ALEX) ([@bib20], [@bib26]) of freely diffusing molecules to map the conformational equilibria of the two ATP sites. Here, fluorescently labeled ABCE1 enters the excitation volume of a confocal microscope for milliseconds, allowing determination of the apparent FRET efficiency E^∗^ and stoichiometry S (details in [Method Details](#sec4.4){ref-type="sec"}; data in [Figures 2](#fig2){ref-type="fig"}A and 2C and in [Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). To probe the association of fluorescently labeled ABCE1 to the 70S or 30S ribosome, we relied on the large increase in molecular mass and correlated slower diffusion to 70S- or 30S-bound ABCE1 molecules as independently observable ([Figures 2](#fig2){ref-type="fig"}B and 2D; [Figure S2](#mmc1){ref-type="supplementary-material"}C; see [Method Details](#sec4.4){ref-type="sec"} for data analysis). We first analyzed the conformational dynamics of site I in free ABCE1. Site I is found in a low FRET state with a distribution centered at E^∗^ ≈ 0.60 ([Figure 2](#fig2){ref-type="fig"}A, upper panel, black line). Because this distribution (1) is asymmetric and (2) exceeds shot-noise expectations (for a comparison of single versus multiple states, see data in [Figure S2](#mmc1){ref-type="supplementary-material"}A versus [Figure S2](#mmc1){ref-type="supplementary-material"}B, upper panel), it was fitted with a mixture model of Gaussian distributions, for which details are provided in the [STAR Methods](#sec4){ref-type="sec"} section. The smFRET data for site I are best described by the existence of three conformational states in free ABCE1: a low (blue fit), an intermediate (green fit), and a high (orange fit) FRET state with a relative abundance of approximately 50%, 30%, and 20%, respectively (represented also with the appropriate transparency in the cartoon). Pre-SCs purified by sucrose density gradient centrifugation (denoted pre-SC throughout the manuscript; 70S·aRF1/aPelota·ABCE1·AMP-PNP) exhibit no significant shift of the state distribution for site I ([Figure 2](#fig2){ref-type="fig"}A, middle panel; [Method Details](#sec4.4){ref-type="sec"}). In the post-SC (30S·ABCE1·AMP-PNP), site I still displays three distinct conformational states ([Figure 2](#fig2){ref-type="fig"}A, bottom panel). In contrast, site II only shows a low and an intermediate FRET state for free ABCE1 ([Figure 2](#fig2){ref-type="fig"}C, upper panel). Within the pre-SC, the state distribution is shifted primarily toward the intermediate state (E^∗^ ≈ 0.63) with a small but significant population of a high FRET state ([Figure 2](#fig2){ref-type="fig"}C, middle panel). Post-SC formation shifts the FRET distribution in site II to \>80% toward the high FRET state (E^∗^ ≈ 0.84).Figure 2Conformational States of ATP Sites I and II of ABCE1 Revealed by ALEX-Based smFRET(A and C) 2D-ALEX histogram of site I (A) and site II (C) variants labeled with Cy3B and Atto647N reveals three conformational states (open, intermediate, and closed). 2D-ALEX histogram of free ABCE1 (top panel); ABCE1 with AMP-PNP, 70S, and aRF1/aPelota (middle panel); and AMP-PNP and 30S (bottom panel). Interaction partners (3 μM 70S and aRF1/aPelota or 1 μM 30S ribosome, 2 mM AMP-PNP) affect these states. For clarity, only the double-labeled donor-acceptor species are shown. Cartoons depict the percentage of each state in the conformational equilibrium, with different transparencies as indicated.(B and D) Burst-size histogram of site I (B) and II (D) variants of free ABCE1 and the pre-splitting state and post-splitting state of ABCE1 reveals the diffusion properties of the complexes and allows determination of a relative diffusion coefficient D by fitting the histogram to [Equation 1](#fd1){ref-type="disp-formula"} ([Method Details](#sec4.4){ref-type="sec"}). Errors indicate 95% confidence interval.

The relation between FRET efficiency and relative inter-probe distances ([Table S2](#mmc1){ref-type="supplementary-material"}) allowed us to link the low FRET state to the open state of the ATP sites as revealed by X-ray crystallography ([@bib3], [@bib27]), the intermediate FRET state to the intermediate state ([@bib5], [@bib7]), and the high FRET state to the closed state ([@bib18]). The existence of an intermediate state was confirmed by analysis of the site II variant lacking the FeS cluster domain (ΔFeS site II) ([Figure S2](#mmc1){ref-type="supplementary-material"}B, upper panel), because this variant uniquely adopts the intermediate conformation in free ABCE1 (mean FRET value of 0.61 ± 0.01) ([Table S2](#mmc1){ref-type="supplementary-material"}). Furthermore, we confirmed the existence of the same three conformational states for a different fluorophore pair (Alexa 555/647) ([Table S2](#mmc1){ref-type="supplementary-material"}), supporting their biological relevance.

To exclude conformational dynamics in the (sub-)second timescale and, in this way, to validate the conformational arrest of ABCE1 at low temperature, we performed confocal scanning experiments. For this, labeled ABCE1 was site-specifically immobilized at a C-terminal His~6~ tag via an anti-His antibody. The data show that both the open and the closed states of site II are fully static because no interconversion across the states could be observed ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E).

To confirm ribosome association of ABCE1 for the pre-SC and post-SC in different conformational states, we analyzed the respective burst length distributions (details in [Method Details](#sec4.4){ref-type="sec"}). Taking the distinct hydrodynamic volumes of free and ribosome-associated ABCE1 into account, we directly related the burst length to the diffusion properties of different FRET populations ([Figures 2](#fig2){ref-type="fig"}B and 2D; for details, see [Method Details](#sec4.4){ref-type="sec"}). Relative diffusion constants D (in units of reciprocal milliseconds \[ms^−1^\]) were derived by fitting the tail of the burst length distribution (\>2 ms) with an exponential distribution ([Figures 2](#fig2){ref-type="fig"}B and 2D, colored fits). Free ABCE1 displays fast diffusion (D = 1.10 ± 0.10 ms^−1^). In contrast, binding to the 70S ribosome in the presence of aRF1/aPelota, previously confirmed by sucrose density gradient centrifugation ([Figure S1](#mmc1){ref-type="supplementary-material"}C), results in significantly slower diffusion (D = 0.65 ± 0.05 ms^−1^). The increase in the relative diffusion constant is consistent with the Stokes-Einstein equation (D $\propto$m^−1/3^) of a spherical particle of mass m having a diffusion constant D (free ABCE1 has a mass of 70 kDa, and ABCE1 in complex with the 70S ribosome has a mass of 2.5 MDa). Similarly, ABCE1 in the post-SC (30S·ABCE1·AMP-PNP) displays a slight decrease in the diffusion constant (D = 0.60 ± 0.07 ms^−1^). Analyses of the burst length distributions indicate full binding of both site I and site II variants to either 70S or 30S ribosomes ([Figures 2](#fig2){ref-type="fig"}B and 2D). Altogether, we are able to demonstrate that both ATP sites of ABCE1 dynamically sample three distinct conformational states at every step of the splitting cycle (free, pre-SC, and post-SC; i.e., open, intermediate, and closed) with a pronounced asymmetry. For example, site I of free ABCE1 can sample the closed state, while site II only acquires open and intermediate states.

### The FeS Cluster Domain Modulates the Conformational Equilibrium of ATP Site II {#sec2.2.1}

To address the effect of the FeS cluster domain on the ABCE1 conformational equilibrium and its association with the ribosome, we created derivatives of ABCE1 with an N-terminal truncation. ΔFeS ABCE1 has a drastic effect on site II dynamics by stabilizing a unique intermediate state ([Figure S2](#mmc1){ref-type="supplementary-material"}B, upper panel). Formation of the post-SC can also be achieved by ΔFeS ABCE1 ([Figures S2](#mmc1){ref-type="supplementary-material"}B, bottom panel, and [S2](#mmc1){ref-type="supplementary-material"}C). Site II fails to acquire the open state in the truncated derivative at all steps (free, pre-SC, and post-SC), while the dynamics of site I remain unaffected and are almost identical to those observed with the full-length ABCE1 ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Because the post-SC obtained with ΔFeS ABCE1 is short lived ([Figure S3](#mmc1){ref-type="supplementary-material"}A, compare column 5 with column 4; [Figure S3](#mmc1){ref-type="supplementary-material"}B, compare column 6 with column 5), dissociating in the hour timescale at room temperature, this transient association was not observed by sucrose density gradient centrifugation ([@bib3]). The FeS cluster domain is required for dynamics in site II and stable ribosome interaction ([@bib3], [@bib18], [@bib27]) that depends on the conformational states of site II ([@bib44]). The dissimilar effects of the FeS cluster domain on the two sites are in line with the asymmetry between the sites.

### Dissociation of the Post-SC Precedes the Opening of the Two ATP Sites {#sec2.2.2}

We next addressed the release of ABCE1 from the post-SC because this event terminates the recycling process. Dissociation can be induced solely at a physiological temperature (73°C) either by competition with ADP or dilution to nullify the association rate ([Figure 3](#fig3){ref-type="fig"}A; for details, see [Method Details](#sec4.4){ref-type="sec"}). Our data demonstrate that at 73°C, ABCE1 release occurs within minutes and shifts the equilibria of both site I and site II more toward the open state ([Figures 3](#fig3){ref-type="fig"}B and 3C; [Figure S2](#mmc1){ref-type="supplementary-material"}F). After release, the conformational equilibrium resembles the free ABCE1 state. The 30S-ABCE1 dissociation kinetics appear to be slightly faster than changes in the conformational equilibrium of ABCE1 ([Figures 3](#fig3){ref-type="fig"}B and 3C, right versus left y axis), suggesting that opening of the ATP sites is an event following post-SC dissociation. Release of ABCE1 can only be achieved at 73°C, while the post-SC is locked at a low temperature ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). The ATP turnover of ABCE1 in the presence of 30S ([Figure S1](#mmc1){ref-type="supplementary-material"}B) is inhibited ([@bib44]), indicating that an allosteric trigger is needed to induce hydrolysis in the post-SC. Our observations demonstrate that at physiological temperatures, ABCE1 continuously samples distinct conformations even while engaged with the small ribosomal subunit ([Figure 2](#fig2){ref-type="fig"}), allowing exchange of nucleotides for release of ABCE1 from 30S ribosomes.Figure 3Release of ABCE1 from the Small Ribosomal Subunit Is Followed by Site II Opening(A) Cartoon summarizing the experimental settings.(B and C) Release of ABCE1 from the small ribosomal subunit (black) occurring (B) only at the physiological temperature (70°C--80°C) and simultaneous ADP competition or (C) by 30S and AMP-PNP dilution at the indicated time points (manual mixing didn't allow earlier time points), and its interdependence with site II opening (orange). Data represent mean ± SD from four independent experiments.

### Ribosome and Nucleotide Binding Control the Conformational Equilibrium of the Two ATP Sites {#sec2.2.3}

To understand the molecular mechanisms of ABCE1, in light of its diverse functions, we investigated the key factors that can influence its conformational landscape. In more detail, we aimed to unravel the requirements for changing the conformational equilibrium in both ABCE1 sites via ligands (ribosomal subunits and nucleotides) and physicochemical parameters (temperature). Unfortunately, ABCE1 in the pre-SC is difficult to examine because this is a short-lived, unstable intermediate state of the recycling cycle ([@bib5], [@bib44]) that can only be stabilized by using high magnesium concentrations and low temperatures ([Figure 2](#fig2){ref-type="fig"}; [Method Details](#sec4.4){ref-type="sec"}). These factors render the pre-SC of ABCE1 unsuitable for systematic investigations regarding the influence of factors on conformational dynamics. In contrast, the post-SC can be arrested as a stable complex by AMP-PNP or mutants that cannot hydrolyze ATP ([@bib3], [@bib28], [@bib44]). ABCE1 undergoes the largest changes in its conformational equilibrium between the post-SC and the free state ([Figure 2](#fig2){ref-type="fig"}). Consequently, the conformational dynamics of ABCE1 were probed during incubation with 30S ribosomes and nucleotides (AMP-PNP or ADP) at the physiological temperature (73°C).

Increasing 30S concentrations ([Figure 4](#fig4){ref-type="fig"}A; [Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D) shift the conformational equilibrium of both sites toward the closed state (high FRET, orange) at the expense of the open state (low FRET, blue; [Figure 4](#fig4){ref-type="fig"}B). In site I, the population of the intermediate state remains constant over the entire concentration range of added 30S ribosomes, while it displays a maximum in site II at 10 nM of 30S ([Figure 4](#fig4){ref-type="fig"}B; [Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). The gradual titration of 30S ribosomes and the percentage of 30S-bound ABCE1 at each concentration ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B; [Method Details](#sec4.4){ref-type="sec"}) yield a K~D~ value ≈ 20 nM for the ABCE1-30S interaction. At saturating conditions, all ABCE1 molecules are bound to 30S ribosomes ([Figure S4](#mmc1){ref-type="supplementary-material"}B), but all three conformational states (open, intermediate, and closed) are still observed in both ATP sites ([Figures 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}A, and 4B). Because the conformational dynamics in site II are expected to influence ribosome association ([@bib44]), we addressed this interaction strength for each state of site II. Therefore, we estimated the percentage of 30S-associated ABCE1 for each state at 1 or 10 nM of 30S. This required long measurements to acquire sufficient statistics (\>25,000 events) to distinguish the degrees of 30S binding ([Figure S4](#mmc1){ref-type="supplementary-material"}C). As expected, the highest binding affinity was found for the closed state, followed by the intermediate and open states. These data highlight the functional differences across the conformational states, simultaneously confirming that they exist side by side. Although unlikely, given the trends in the data, labeling of ABCE1 could influence the conformational landscape of the ATP sites.Figure 4Conformational Dynamics at Site II Depend on Binding Partners and Ligands(A) Conformational equilibrium (73°C, 10 min) of the different ABCE1 site II states after incubation with saturating AMP-PNP concentrations (2 mM) and two representative 30S concentrations, as indicated.(B) As in (A) with the full range of 30S concentrations. At each concentration, the percentage of every state was determined and plotted.(C) Influence of different ligands such as nucleotides and ribosomal subunits on the conformational dynamics at site II. Measurements were performed under saturation conditions of nucleotides (2 mM) and 30S ribosomal subunits (1 μM) after 10 min of incubation at 73°C.(D) Burst length distribution of the different conditions (as in C) were analyzed as previously described ([Figures 2](#fig2){ref-type="fig"}B and 2D).(E) Time course experiment after incubation with saturating AMP-PNP (2 mM) and 30S (1 μM) concentrations at the representative points in time, as indicated (top 3 panels). Bottom panel: same experiment after pre-incubation with AMP-PNP (73°C, 2 mM, 8 min).(F) As in (E), with the full range of points in time. At each point in time, the percentage of every state was determined and plotted.(G) Cartoon summarizing the findings of (E) and (F). Data represent mean ± SD from 3--5 independent experiments.

### The Interplay among Conformational Transitions, Nucleotide Binding, and Ribosome Association {#sec2.2.4}

In the post-SC, site I and II equilibria display the most dramatic shift toward the closed state ([Figures 2](#fig2){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Only smaller changes were detected after sole binding to different nucleotides (ADP or AMP-PNP) or 30S in the absence of nucleotides ([Figure 4](#fig4){ref-type="fig"}C; [Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E), even at a physiological temperature (73°C). At a low, non-physiological temperature, site II acquires a minimal percentage of the closed state in the presence of 30S and AMP-PNP ([Figure 4](#fig4){ref-type="fig"}C versus [Figure S4](#mmc1){ref-type="supplementary-material"}E). An analysis of diffusion times reveals that binding of ABCE1 to 30S is possible with or without AMP-PNP but not in the presence of ADP ([Figure 4](#fig4){ref-type="fig"}D). Changes in the conformational equilibrium resulting from different available ligands and conditions again differ in both sites. For example, site II undergoes significant conformational transitions at low temperature when interacting with AMP-PNP, 30S, and ADP, while site I minimally shifts its equilibrium under such conditions (compare [Figure 4](#fig4){ref-type="fig"}C with [Figure S4](#mmc1){ref-type="supplementary-material"}E and [Figure S3](#mmc1){ref-type="supplementary-material"}A with [Figure S3](#mmc1){ref-type="supplementary-material"}B). Furthermore, as discussed, the population of the intermediate conformation is distinct for both sites when titrating 30S ribosomes ([Figure 4](#fig4){ref-type="fig"}B; [Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). These results are in agreement and support our interpretations that the conformational asymmetry in the two sites sets the base for their functional asymmetry and distinct roles during ribosome recycling ([@bib3], [@bib44]). In addition, the high-affinity ABCE1-30S interaction (K~D~ ≈ 20 nM) is lost as soon as ABCE1 binds ADP, which is in accordance with our dissociation experiments ([Figure 3](#fig3){ref-type="fig"}). All findings provide striking evidence for the essential role of ATP hydrolysis in triggering post-SC dissociation for a new round of translation.

Because the most pronounced shifts are in the conformational equilibrium between the free ABCE1 and the post-SC, we identify key requirements to alter the conformational equilibrium of ABCE1. Our data show that ABCE1 is dynamic but manifests extreme conformational changes when transiting between the free state and the post-SC state. As established in the previous sections ([Figure 4](#fig4){ref-type="fig"}; [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}), three components are required to shift the ATP sites into the closed state: (1) binding to 30S, (2) binding of AMP-PNP, and (3) physiological temperature (73°C) ([Figures 4](#fig4){ref-type="fig"}E and 4F; [Figure S5](#mmc1){ref-type="supplementary-material"}). Incubation of ABCE1 at 73°C with AMP-PNP in the absence of 30S induces no (or minor) changes in the conformational equilibrium with respect to the state of both sites in free ABCE1 ([Figure 4](#fig4){ref-type="fig"}C; [Figure S4](#mmc1){ref-type="supplementary-material"}E). However, pre-incubation for 10 min at 73°C in the presence of AMP-PNP and subsequent addition of 30S are sufficient to reach equilibria within only 5 s ([Figure 4](#fig4){ref-type="fig"}E, bottom panel; [Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). No other experimental conditions, e.g., pre-incubation with 30S ribosomes before the addition of AMP-PNP (compare [Figure S5](#mmc1){ref-type="supplementary-material"}E with [Figure S5](#mmc1){ref-type="supplementary-material"}A) or sole heating before addition of 30S and AMP-PNP (compare [Figure S5](#mmc1){ref-type="supplementary-material"}F with [Figure S5](#mmc1){ref-type="supplementary-material"}A) showed similarly fast changes of the conformational equilibrium. These findings indicate that an allosteric conformational transition subsequent to AMP-PNP binding is the rate-limiting step for conformational changes, not 30S ribosome binding ([Figure 4](#fig4){ref-type="fig"}G). Because the observed kinetics do not depend on AMP-PNP concentration ([Figure S5](#mmc1){ref-type="supplementary-material"}G), nucleotide binding cannot be rate limiting per se. The formation of the closed state is even slower when ABCE1 is first incubated with 30S ribosomes compared with simultaneous addition of 30S ribosomes and AMP-PNP (compare [Figure S5](#mmc1){ref-type="supplementary-material"}E with [Figures S5](#mmc1){ref-type="supplementary-material"}F and S5C, displaying the complete time course of 30S binding).

The dissociation rate caused by AMP-PNP depletion (0.5 min^−1^) ([Figure 3](#fig3){ref-type="fig"}), together with the dissociation constant (K~D~ ≈ 20 nM) ([Figure S4](#mmc1){ref-type="supplementary-material"}B), allows an estimation of the association rate of ABCE1 with 30S ribosomes of about 4·10^5^ M^−1^ s^−1^. In the presence of 1 μM 30S, ABCE1 binding to 30S ribosomes takes on average only 2.5 s. Thus, against our expectations, the rate-limiting step for site closing is not ribosome association but rather a conformational change triggered by AMP-PNP binding. Such conformational changes cause critical local structural rearrangements that do not involve large-scale domain motions, which are not detected in our smFRET analysis ([Figure 4](#fig4){ref-type="fig"}C; [Figure S4](#mmc1){ref-type="supplementary-material"}E).

Discussion {#sec3}
==========

In this study, we elucidated the conformational dynamics and plasticity of the ribosome recycling factor ABCE1 with single-molecule resolution. Previous structural studies provided important insights into the arrangement of the recycling factor ABCE1 in its free form ([@bib3], [@bib27]), in the pre-SC ([@bib5], [@bib7]), and in the post-SC ([@bib18]) and therefore formed the framework for mechanistic investigations. However, the fundamentals of a true structure-function relationship for ABCE1 remained elusive because of the complex conformational landscape of the protein. Only the most abundant conformational states of the ABCE1 sites can be stabilized under crystallization conditions or selected using the picking algorithms in cryo-EM analysis. While this information is essential, only additional knowledge on the conformational dynamics of ABCE1 (i.e., by single-molecule resolution procedures; [@bib32]) can reveal all underlying principles of the mechanism of this molecular motor.

Our data offer insights on different factors influencing the conformational equilibria of ABCE1 and will allow the decoding of the role of specific conformational states in ribosome splitting. With our approach, engagement and disengagement of the NBDs were shown to proceed over three distinct conformational states of the two ATP sites that are in asymmetric dynamic equilibrium: open, intermediate, and closed. This dynamic equilibrium is an intrinsic property of ABCE1. Based on our data, we anticipate that all three states fulfill different functions to precisely regulate the multi-step process of ribosome recycling. We also observed conformational asymmetry in the two ATP sites. Assuming independence of both ATP sites, ABCE1 can potentially acquire nine (3^2^) distinct conformers considering sites I and II. However, the current smFRET assay does not allow the conformational states of both ATP sites to be probed in parallel. This model still disregards the additional complexity arising from FeS cluster domain motions. We speculate that the high conformational plasticity of ABCE1 revealed in this study is essential to regulate ribosome recycling and to conduct all other distinct functions ([@bib14]).

Knowledge regarding the complexity of the ABCE1 conformational landscape, in combination with previous functional and structural information, allows us to propose a working model for the mechanism of ABCE1 in ribosome recycling ([Figure 5](#fig5){ref-type="fig"}): In free ABCE1 (step 1), site II predominately populates the open state, while site I is extremely plastic, adopting all three conformations. Binding of ABCE1 to 70S ribosomes, facilitated by A-site factors e/aRF1 or e/aPelota, leads to the formation of the pre-SC (step 2). Here, the conformational equilibrium of site II is shifted toward the intermediate state, consistent with cryo-EM structures ([@bib5], [@bib7], [@bib48]). The ABCE1-70S interaction solely affects the conformational dynamics of site II, an observation that is in line with the specific requirements of site II acting like a switch to probe for proper 70S interaction ([@bib44]). The pre-SC is a short-lived, unstable complex ([@bib5], [@bib44]) that can only be stabilized by high magnesium concentrations and low temperatures ([Figure 2](#fig2){ref-type="fig"}; [Method Details](#sec4.4){ref-type="sec"}). At physiological conditions, ATP (AMP-PNP)-loaded ABCE1 mediates splitting of splitting-competent ribosomes (step 2→3). In this process, ATP binding to ABCE1 (not hydrolysis) induces ribosome splitting, as demonstrated under single-turnover conditions ([@bib3], [@bib18], [@bib44]). In contrast, under multiple-turnover conditions, addition of AMP-PNP reduces ribosome splitting by ABCE1 ([@bib45], [@bib49]). Our data indicate that ribosome splitting coincides with acquisition of the closed state ([Figure 4](#fig4){ref-type="fig"}) that requires ATP occlusion ([Figure 4](#fig4){ref-type="fig"}C) but not ATP hydrolysis.Figure 5Dynamics of ABCE1 in Ribosome RecyclingStep 1: free ABCE1 sites are in dynamic equilibrium across three states (open, intermediate, and closed) but predominantly found in the open conformation. ABCE1 displays basal ATPase activity of 5 ATP per minute (see [Figure 1](#fig1){ref-type="fig"}D). Step 2: complex with the terminated 70S is mediated by the A-site factors e/aRF1 or e/aPelota and ATP binding. Upon formation of the pre-SC, only site II shifts to the intermediate state, as indicated, and the FeS cluster domain moves toward NBD2 (intermediate; see [Figure 2](#fig2){ref-type="fig"}A). Step 3: during splitting, ATP binding and incubation at a physiological temperature trigger the two sites to close, and the FeS cluster domain is repositioned 150° on 30S in the post-SC (closed; see [Figures 2](#fig2){ref-type="fig"}A and 2C). Here, either the FeS cluster domain pushes the A-site factor farther into the cleft between the subunits or the domain splits the subunits apart. Step 4: after splitting, bound ABCE1 can build a platform for re-initiation ([@bib18]). Acquisition of the ADP state triggers dissociation of the post-SC to initiate a new round. ABCE1 is highly dynamic, being at every condition in equilibrium across the indicated conformational states. The percentages of open, intermediate, and closed states for the 2 sites have been experimentally determined for steps 1, 2, and 4. The unstable short-lived step 3 is anticipated to have intermediate values of steps 3 and 4.

Our study demonstrates that the rate-limiting step in switching the conformational equilibria of ABCE1 to the closed conformation, in which the nucleotide is occluded and the FeS cluster domain rearranges to promote splitting ([@bib18], [@bib28]), is an allosteric event subsequent to ATP binding, which occurs on the minute timescale ([Figure 4](#fig4){ref-type="fig"}G). Moreover, ATP hydrolysis and ADP generation, which also take place on the minute timescale ([@bib3]), cause immediate release of ABCE1 from the small ribosomal subunit ([Figure 3](#fig3){ref-type="fig"}A). Altogether, we conclude that ribosome splitting ([Figure 5](#fig5){ref-type="fig"}, step 2→3) and non-productive ATP hydrolysis ([Figure 5](#fig5){ref-type="fig"}, step 2→1) are two parallel, competing pathways in the *in vitro* system, which is in line with previously proposed models ([@bib14], [@bib44]). This idea is consistent with the observation that both events are triggered and related to the acquisition of the closed state of ABCE1 ([Figure 4](#fig4){ref-type="fig"}). Whenever the occluded state is formed, splitting can take place ([Figure 5](#fig5){ref-type="fig"}, step 2→3). When ATP hydrolysis precedes splitting, as in the case of splitting incompetent ribosomes, ABCE1 can be released from the 70S ribosome and, upon ATP binding, associates with other ribosomes ([Figure 5](#fig5){ref-type="fig"}, step 2→1). We also speculate that ribosome splitting ([Figure 5](#fig5){ref-type="fig"}, step 3) might be an additional trigger for ATP hydrolysis. Thus, step 3 may directly decay into free ABCE1 and, if ATP hydrolysis is well timed and occurs just after step 3, dissociated ribosmes can be formed. We anticipate that in the *in vivo* situation, the conformational transitions of ABCE1 are coupled to its regulatory role in ribosome recycling within the diverse cellular pathways ([@bib14], [@bib44]).

If during detachment of the large ribosomal subunit ABCE1 remains loaded with ATP, the post-SC is formed ([Figure 5](#fig5){ref-type="fig"}, step 3→4); alternatively, it could be formed via binding of free 30S to ABCE1 because of their high-affinity interaction ([Figure 5](#fig5){ref-type="fig"}, step 1→4). In the post-SC, ATP hydrolysis is strongly inhibited ([Figure S1](#mmc1){ref-type="supplementary-material"}B) and the conformational equilibrium is biased toward the occluded ATP-bound state. ATP-loaded ABCE1 has a high affinity for 30S ([Figure S4](#mmc1){ref-type="supplementary-material"}B), and the post-SC is stable: at a physiological temperature, it dissociates only by addition of an excess of ADP or an enormous dilution of the sample ([Figure 3](#fig3){ref-type="fig"}A). At a low temperature, the post-SC is stable for hours ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Evidently, *in vivo*, the post-SC provides a potential platform for the recruitment of initiation factors ([@bib18]) or at least requires additional factors for dissociation of ABCE1 and 30S. Consistently, ATP hydrolysis in the post-SC might be allosterically controlled by binding of initiation factors to 30S and allosteric crosstalk through 16S rRNA helix 44 within the 30S ribosome. This hypothesis is supported by the FeS cluster domain, as well as archaeal IF1A, IF1, and IF2γ, binding to helix 44 ([@bib10]). Because ABCE1-ADP does not associate with 30S ribosomes ([Figures 3](#fig3){ref-type="fig"}B, 3C, and [4](#fig4){ref-type="fig"}D), the small subunit detaches after ATP hydrolysis and the conformational equilibrium of ABCE1 is progressively shifted toward its free state ([Figure 5](#fig5){ref-type="fig"}, step 4→1). Hence, ABCE1 is liberated to initiate a new round of ribosome splitting.

For better understanding of the mechanisms of ABCE1, a detailed analysis of the interdependence and conformational crosstalk between site I and site II is needed. In that respect, functional and structural asymmetry was identified as one key element for the mechanism of ABCE1 ([@bib3], [@bib44]) and has been discussed for other ABC proteins ([@bib19], [@bib41], [@bib57]). In addition, by means of X-ray crystallography and molecular dynamics simulation, allosteric crosstalk of both sites was reported for other ABC-type proteins upon substrate binding ([@bib13], [@bib16], [@bib19]). For ABCE1, a simultaneous analysis of site I and II functional variants via multicolor FRET experiments ([@bib17], [@bib30], [@bib31]) would be desirable to address all questions related to correlated movement. Our smFRET studies give first indications on the relevance of the FeS cluster domain for shaping the conformational landscape of the ATP sites and its influence on the affinity of ABCE1 for ribosomal subunits ([Figures S2](#mmc1){ref-type="supplementary-material"}B, S2C, [S3](#mmc1){ref-type="supplementary-material"}A and S3B). In addition, the direct observation of the FeS cluster domain movement in the pre- and post-SC would be of prime interest to gain a complete picture of the splitting process and thus reveal the complexity of possible ABCE1 states. For future work, however, limitations in specific labeling of the FeS cluster domain, which contains eight highly conserved cysteines coordinating the FeS cluster, have to be overcome to enable direct visualization of the domain movement.

Although our findings offer insights into the conformational states and dynamics of ABCE1 and thus enhance our understanding on ribosome recycling, they have significant and general implications for the molecular mechanisms of ABC proteins. According to the current model of mechanochemical coupling of ABC transporters, the NBDs are linked to the transmembrane domains to coordinate conformational changes required for alternating access using ATP-driven cycles of monomerization (equivalent to the open state formed after ATP hydrolysis) and dimerization (equivalent to the closed state formed after ATP binding). The two-state model system is thus created by interaction of the NBDs with ATP and ADP/inorganic phosphate (P~i~). Studies examining protein dynamics at the single-molecule level confirmed the two-state model system in different transport-related NBDs ([@bib23], [@bib35], [@bib55]). Analogously for ABCE1, it has been postulated that its ATPase activity drives processes like ribosome remodeling, chromosome condensation, or membrane transport ([@bib43], [@bib47], [@bib54]). This hypothesis was based on functional and structural data obtained from analyses by X-ray crystallography and cryo-EM showing that free ABCE1, ATP-bound, and ADP-bound states were solved in distinct conformations. Our findings provide important insights into the conformational states of the highly conserved ABC-type NBDs and show no such tight correlation. It is evident that these conclusions can only arise from single-molecule approaches ([@bib38]) that do not average heterogeneous mixtures and do not rely on homogeneous preparations and states as required for structural analysis. In summary, ABCE1 shows loose coupling between nucleotide occupancy and NBD conformational states. We thus speculate that this feature is related to the diverse roles and easy modulation of ABCE1 by various partners to conduct distinct biological functions.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Mouse monoclonal anti-polyhistidineSigma-AldrichCat\# A7058; RRID: [AB_258326](nif-antibody:AB_258326){#intref0010}Goat anti-mouse IgGSigma-AldrichCat\# AP124A; RRID: [AB_92456](nif-antibody:AB_92456){#intref0015}**Bacterial and Virus Strains**Cloning Strain One Shot Mach1 T1InvitrogenCat\# C862003Expression strain BL21(DE3)- pRARENovagenCat\# CMC0014*Sulfolobus solfataricus* P2[@bib1]DSM-1617*Thermococcus celer*[@bib3]DSM-2476**Chemicals, Peptides, and Recombinant Proteins**AMP-PNP Lithium saltSigma-AldrichCat\# A2647ATPSigma-AldrichCat\# A89337\[gamma\] 32P-ATPHartmann AnalyticsCat\# SPR-301ADPSigma-AldrichCat\# A23831ATTO647N-maleimideAtto-TECCat\# AD647N-41Cy3B-maleimideGE HealthcareCat\# PA63131Alexa555 C2-maleimideInvitrogenCat\# A20346Alexa647 C2-maleimideInvitrogenCat\# A20347Dithiothreitol (DTT)Carl-RothCat\# 4227.1CarbenicillinCarl-RothCat\# 6344.3ChloramphenicolCarl-RothCat\# 3886.1SpermineCarl-RothCat\# [7162](mi:7162){#intref0020}.2Isopropyl-β-D-thiogalactopyranoside (IPTG)Carl-RothCat\# I67582-MercaptoethanolCarl-RothCat\# 4227.1DNase I recombinant, RNase-freeRocheCat\# 4716728001RiboLock RNase inhibitorThermoFisherCat\# EO0382SulfoLink^™^ Coupling ResinThermoFisherCat\# 20401Ni Sepharose^™^ High PerformanceSigma-AldrichCat\# GE17-5268-01**Critical Commercial Assays**NucleoSpin Plasmid EasyPureMacherey-NagelCat\# 740727.10**Oligonucleotides**ABCE1_I124C_fwd: CTAGCTGGTGAAATATGCCCAAATTTT\
GGAGATCThis paperN/AABCE1_K177C_fwd: TTCAAAATTCCTTTGCGGTACGGTGAATGThis paperN/AABCE1_T393C_fwd: GTTGGCGAAATTTGCGCAGATGAAGGThis paperN/AABCE1_K430C_rev: GAAAGAGCGTCACAACTCGCATTT\
TCTAAGTATTGThis paperN/A**Recombinant DNA**Plasmid: pSA4_SsABCE1_wt[@bib2]N/APlasmid: pSA4_SsABCE1_I124C/K430CThis paperN/APlasmid: pSA4_SsABCE1_K177C/T393CThis paperN/APlasmid: pSA4_Ss.aRF1[@bib3]N/APlasmid: pSA4_Ss.aPelota[@bib44]N/APlasmid: pSA4_Ss.aIF6[@bib44]N/A**Software and Algorithms**Dual-Channel-Burst-Search[@bib42]N/AGraphPad PrismGraphPadRRID: [SCR_002798](rridsoftware:SCR_002798){#intref0025}ImageJNIHRRID: [SCR_003070](rridsoftware:SCR_003070){#intref0030}LabView data acquisition[@bib42]N/AMathematicaWolframRRID: [SCR_014448](rridsoftware:SCR_014448){#intref0035}MATLABMathWorksRRID: [SCR_001622](rridsoftware:SCR_001622){#intref0040}OriginOriginLabRRID: [SCR_002815](rridsoftware:SCR_002815){#intref0045}PyMolSchrödingerRRID: [SCR_000305](rridsoftware:SCR_000305){#intref0050}**Other**Amicon Ultra-15, Centrifugal Filters, 50 kDaMerck MilliporeCat\# UFC905096Amicon Ultra-15, Centrifugal Filters, 100 kDaMerck MilliporeCat\# UFC910024

Lead Contact and Materials Availability {#sec4.2}
---------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert Tampé (<tampe@em.uni-frankfurt.de>).

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Bacterial strains {#sec4.3.1}

*E. coli* strain One Shot Mach1 T1 (Invitrogen) for cloning of ABCE1 variants. *E. coli* strain BL21(DE3) (Novagen) transformed with pRARE plasmid (Novagen), coding for rare amino acids, was used for expression of ABCE1 variants and release factors.

Method Details {#sec4.4}
--------------

### Plasmids {#sec4.4.1}

ABCE1^wt^ or ABCE1^ΔFeS^ from *S. solfataricus* were cloned with a C-terminal His~6~-tag in pSA4 vector, which is based on a pET15b expression vector ([@bib3], [@bib2]). Site-directed mutagenesis was used to construct double-cysteine variants of ABCE1^wt^ or ABCE1^ΔFeS^ by megaprimer PCR. Plasmids were transformed into One Shot Mach1 T1 cells and purified using NucleoSpin Plasmid EasyPure kit (Macherey-Nagel) following the manufacturer's protocol. The identity and integrity of all ABCE1 variants were verified by sequencing. ABCE1 constructs, release factors and aIF6 were co-transformed with the pRARE plasmid (Novagen) coding for rare tRNAs into the BL21(DE3) *E. coli* strain (Novagen).

### Protein purification {#sec4.4.2}

ABCE1 variants and aIF6 from *S. solfataricus* were transformed into BL21 (DE3) and expressed in terrific broth (TB) media (1.2% (w/v) peptone, 2.4% (w/v) yeast extract, 72 mM K~2~HPO~4~, 17 mM KH~2~PO~4~, and 0.4% (v/v) glycerol) supplemented with 100 μg/ml carbenicillin and 25 μg/ml chloramphenicol at 37°C, until an OD~600~ of 0.6 was reached. The temperature was lowered to 20°C and expression was induced after reaching an OD~600~ of 0.8 by adding 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were harvested 16--18 h after induction at 20°C. The aPelota and aRF1 constructs ([@bib3], [@bib44]) were expressed in (BL21 DE3) and grown in LB-Lennox medium (5 g/l yeast extract, 10 g/l tryptone, 5 g/l NaCl) supplemented with 100 μg/ml carbenicillin and 25 μg/ml chloramphenicol at 37°C. At an OD~600~ of 0.6, expression was induced as mentioned above. The cells were harvested after 3 h of growth. ABCE1 and factors from *S. solfataricus* were purified as described in ([@bib44]).

### Ribosome purification {#sec4.4.3}

To isolate 30S ribosomes from *S. solfataricus,* a SulfoLink^™^ resin chromatography was performed as described ([@bib33]). SulfoLink^™^ Coupling Resin (ThermoFisher) was prepared following the manufacturer's protocol and equilibrated with binding buffer (20 mM HEPES-KOH pH 7.5, 5 mM Mg(OAc)~2~, 60 mM NH~4~Cl, 1 mM DTT). *S. solfataricus* cells were resuspended in buffer M (20 mM HEPES-KOH pH 7.5, 500 mM KCl, 10 mM MgCl~2~, 0.5 mM EDTA, 2 mM DTT, 1 mM PMSF, 1 μg RNase free DNase (ThermoFisher), 133 U/ml RiboLock RNase inhibitor (ThermoFisher), sonicated and centrifuged for 30 min at 30,000x g. The cleared lysate was added onto the column and incubated twice for 15 min on ice. The column was washed three times with binding buffer and elution was performed twice with 1.25 mL of elution buffer (20 mM HEPES-KOH pH 7.5, 10 mM Mg(OAc)~2~, 500 mM NH~4~Cl, 2 mM DTT). Ribosomes were pelleted through a glycerol cushion (20 mM HEPES-KOH pH 7.5, 10 mM Mg(OAc)~2~, 500 mM KCl, 2 mM DTT, 50% (v/v) glycerol) at 100,000x g for 15 h at 4°C. Pellets were resuspended in 100 μl cushion buffer and separated by sucrose density gradient centrifugation (10%/30% (w/v) sucrose, 20 mM HEPES-KOH pH 7.5, 10 mM KCl, 1 mM MgCl~2~) 14 h at 4°C and 50,000x g (SW41 rotor, Beckman Coulter). Gradients were fractionated from top to bottom (Piston Gradient Fractionator, Biocomp) recording the absorption at 254 nm. Fractions containing 30S or 50S were pooled and concentrated in HEPES buffer using an Amicon® Ultra centrifuge device (cut-off 100 kDa, Merck Millipore). Concentration of the ribosomes was determined using the absorption at 254 nm, 1 OD equals 120 pmol and 60 pmol of 30S or 50S subunit, respectively ([@bib33]).

70S ribosomes from *S. solfataricus* are very labile and dissociate during ribosome purification, even at high MgCl~2~ concentrations ([@bib37]). Therefore, an appropriate model has been established with 70S from *T. celer* being bound and split by ABCE1 ([@bib3], [@bib44]). To purify 70S from *T. celer* two protocols were adapted ([@bib5], [@bib10]). *T. celer* cell pellets (provided by Harald Huber, Centre for Archaea & Microbiology, University of Regensburg) were resuspended in S30∗ buffer (10 mM HEPES-KOH pH 7.5, 60 mM NH~4~OAc, 14 mM MgCl~2~, 1 mM DTT) and lysed on ice by sonification. The lysate was cleared twice by centrifugation for 30 min at 30,000x g. Ribosomes were pelleted through a high salt cushion (1.1 M sucrose, 1 M NH~4~OAc, S30 buffer) for 4 h at 170,000x g. The pellet was resuspended in TrB25 (56 mM Tris-HCl pH 8, 250 mM KOAc, 80 mM NH~4~OAc, 25 mM MgCl~2~, 1 mM DTT). 70S were separated from 30S and 50S with a 10%--40% linear sucrose gradient (10 mM HEPES-KOH pH 7.5, 60 mM NH~4~OAc, 14 mM MgCl~2~, 1 mM DTT) for 14 h at 68,000x g (SW41 rotor, Beckman Coulter). Gradients were fractionated as mentioned above. 70S containing fractions were pooled and concentrated with a Amicon® Ultra centrifuge device (cut-off 100 kDa, Merck Millipore) into S30∗ buffer. Concentration of 70S was determined as mentioned above.

### Fluorescent labeling of ABCE1 {#sec4.4.4}

10 nmol protein (50--100 μl volume, for biochemical studies 100 μM) in buffer A (50 mM Tris-HCl pH 7.2, 100 mM KCl, 5% (v/v) glycerol) were treated with 10 mM DTT for one hour on ice. DTT treated ABCE1 variant was diluted to 1 mL with buffer A and added immediately onto the equilibrated column material (Ni Sepharose^™^ High Performance, GE Healthcare), incubated for 2 min and was subsequently washed twice with buffer A. To reach an ABCE1/Cy3B/Atto647N ratio of 1:10:8, Atto647N-maleimide (ATTO-TEC, 50 nmol aliquot) was dissolved in 5.5 μl DMSO (water-free), and 5 μl thereof were used to dissolve Cy3B-maleimide (GE Healthcare, 50 nmol aliquot). The dissolved dyes (2.5 μl) were diluted in 1 mL buffer A and added onto the resin and incubated agitating over night at 4°C shielded from light. The column was washed with 3 mL buffer A to remove excess of dyes. The protein was eluted with buffer B (500 μl; 50 mM Tris-HCl pH 7.2, 100 mM KCl, 250 mM imidazole, 5% (v/v) glycerol). Subsequently, a preparative gel filtration (Superdex 200 Increase PC 10/300; GE Healthcare) was carried in buffer C (50 mM Tris-HCl pH 8.0, 100 mM KCl) while recording the absorbance at 280 nm (protein), 559 nm (Cy3B), and 645 nm (Atto647N). Atto647N dye interacts non-specifically with the Superdex 200 column material allowing to enrich doubly-labeled ABCE1 variants ([@bib22]). The labeling ratio was estimated according to ε~ABCE1~ = 71,220, ε~Cy3B~ = 130,000, and ε~Atto647N =~ 150,000 ([@bib2]).

### Malachite Green ATPase assay {#sec4.4.5}

ATPase assays were performed to measure Michaelis-Menten kinetics of all double-cysteine variants with and without attached fluorophores. ATP hydrolysis was measured colorimetrically using a Malachite Green assay ([@bib4]). Triplicates of each reaction were measured in 25 μl ATPase buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl~2~) with 5 μM of ABCE1 and 5 mM ATP. Reactions were incubated at 80°C for 10 min and stopped rapidly on ice by adding 175 μl of ice-cold stop solution (20 mM H~2~SO~4~). Complex formation was measured at 620 nm 10 min after addition of Malachite Green solution (3.5 mM Malachite Green, 0.18% (v/v) Tween-20, 1.15% (w/v) (NH~4~)~6~Mo~7~O~24~). The inorganic phosphate released was calculated with a standard curve. ATP hydrolysis by ABCE1 variants of three independent experiments was quantified by calculation of hydrolyzed ATP per min in Prism 5 (GraphPad).

### Radioactive ATPase assay {#sec4.4.6}

ATPase activity of ABCE1 was further analyzed by the formation of ^32^P~i~ upon hydrolysis of γ-^32^P-labeled ATP as described in [@bib18], [@bib44], [@bib45], and [@bib49]. 0.2 μM ABCE1 was incubated with 1 mM ATP and 0.5 μM \[γ-^32^P\]ATP (Hartmann Analytics) or 0.5 μM *S. solfataricus* 30S and ATP in 20 μl of hot ATPase buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCL~2~, 0.25 mM spermidine, 1 mM DTT) at 70°C. 1 μl was spotted after 0, 2, 5, 10 and 20 min onto polyethylene imine cellulose thin layer chromatography plates (Merck Millipore). Triplicates of every time point were spotted. The plates were resolved by 0.8 M LiCl and 0.8 M acetic acid. Release of ^32^P~i~ was monitored by autoradiography (Typhoon 9400, GE Healthcare). Phosphoimages were quantified using ImageJ (NIH) and analyzed with Prism 5 (GraphPad). Probes containing 30S and ABCE1 hydrolysis were background corrected ([@bib44]). ATP hydrolysis was calculated from 20 min time point as mentioned above. SD was calculated from three independent experiments.

### Formation of the pre- and post-splitting complex and ribosome splitting assay {#sec4.4.7}

To analyze ribosomal binding of non-labeled or fluorescently labeled ABCE1 double-cysteine mutants, 10%--30% (30S) or 10%--40% (70S) sucrose gradients were performed. Formation of the pre-splitting complex was probed by incubation of 1 μM of ABCE1 variants and 3 μM of purified T. celer 70S, 3 μM of aRF1 and aPelota and 2 mM of different nucleotides in 20 mM HEPES-KOH pH 7.5, 100 mM KCl, 50 mM MgCl~2~, 2 mM DTT, 0.5 mM spermine. *T. celer* 70S were pre-incubated with aRF1/aPelota for 30 min at 25°C. Subsequently, ABCE1 and nucleotides were added and incubated for 1 h at 25°C. The post-splitting complex was probed by incubation of ABCE1 variants (3 μM) with purified 30S (4 μM) from *S. solfataricus* in presence of different nucleotides (2 mM) for 4 min at 73°C. Samples were loaded onto 10%--30% (30S) or 10%--40% (70S) (w/v) linear sucrose gradients. Centrifugation and fractionation were performed as mentioned above. 500 μl fractions were mixed with 1 mL acetone and precipitated over night at −20°C. Samples were either analyzed by SDS-PAGE combined with in-gel fluorescence (Typhoon 9400, GE Healthcare) or by immunoblotting using a monoclonal anti-His antibody (Sigma-Aldrich).

Splitting was analyzed by SDG centrifugation and the absorption at 254 nm as mentioned above. ABCE1 (2 μM) was incubated with *T. celer* 70S (0.5 μM), a mixture of the archaeal release factors aPelota and aRF1, the anti-reassociation factor aIF6 and AMP-PNP (0.125 μM) for 15 min at 45°C in splitting buffer (10 mM HEPES-KOH pH 7.5, 60 mM NH~4~OAc, 14 mM MgCl~2~) in a total volume of 50 μl. The reaction was cooled down on ice and loaded onto a 10%--40% (w/v) sucrose gradient in splitting buffer. Gradients were centrifuged 15 h at 68,000x g at 4°C (SW41 rotor, Beckman Coulter). Gradients were fractionated as mentioned above. The bars represent three independent experiments with a mean of the ratio of the 50S/70S peak heights. The bars are normalized to the splitting activity of wild-type ABCE1.

### Sample preparation for smFRET and ALEX {#sec4.4.8}

ABCE1 variants (0.1--50 nM) were mixed with different binding partners and ligands such as 70S ribosomes, 30S ribosomal subunits or nucleotides. If not otherwise stated, saturating concentrations of 30S ribosomes (1 μM) and AMP-PNP/ADP (2 mM) were used. Binding reactions were performed in 20 mM HEPES-KOH pH 7.5, 200 mM KCl, 5 mM MgCl~2~) at 73°C for indicated time periods (max. 10 min). By using ABCE1 from *S. solfataricus*, the reaction could be 'frozen' at any point in time during the process by cooling down the sample to 4°C with ice-cold cold buffer supplemented with TX and MEA (final concentration 1 mM TX, 10 mM MEA). A final ABCE1 concentration of 10--100 pM was reaced with by cooling down). 70S binding reactions with *T. celer* 70S (3 μM) were performed with aPelota and aRF1 (2 μM) and AMP-PNP (2 mM) in 20 mM HEPES-KOH pH 7.5, 100 mM KCl, 50 mM MgCl~2~, 0.5 mM spermine, 1 mM DTT at 25°C for 1 h. To enrich the 70S bound fraction, the binding reaction was loaded onto a 10%--40% (w/v) stepwise sucrose gradient and centrifuged for 2.30 h at 220,000x g (MLS-50 rotor, Beckman Coulter). The gradients were fractionated in 200 μl fractions. 30S and 50S fractions were assigned by 254 nm absorption. The 30S and 70S fractions were diluted at least 2-fold in 70S binding buffer and subsequently used for single-molecule experiments.

To study the dissociation kinetics of 30S-bound ABCE1 we used two experimental approaches: (i) ADP competition or (ii) full removal of AMP-PNP by dilution and addition of unlabeled ABCE1 protein. (i) Labeled ABCE1 (30 nM) was incubated with AMP-PNP (10 mM, resembling intracellular ATP concentration) and 30S (12.5 μM) at 73°C for 10 min. After 630-fold dilution and addition of ADP (5 mM), the dissociation of the post-splitting complex was followed at 73°C for indicated time periods (0--10 min). (ii) Labeled ABCE1 (30 nM) was incubated with AMP-PNP (25 μM) and 30S (12.5 μM) at 73°C for 10 min. After 630-fold dilution by addition of unlabeled ABCE1 (2 μM final), the dissociation of the post-splitting complex was followed at 73°C for indicated time periods (0--10 min). A low (25 μM) AMP-PNP concentration is used which was sufficient for saturation of the closed state at both sites, as this can be efficiently sequestered after the dilution (40 nM) by 2 μM of unlabeled ABCE1 that yields no fluorescent background. Samples were subsequently analyzed with ALEX microscopy.

### Anisotropy measurements and verification of the FRET-ruler character {#sec4.4.9}

Fluorescence spectra were derived on a standard scanning fluorometer (Jasco FP-8300; 20 nm excitation and emission bandwidth; 8 s integration time) and calculated at the emission maxima of the fluorophores (for Cy3B, λ~ex/em~ 535/580 nm; for Atto647N, λ~ex/em~ 635/660 nm), according to the relationship [*r*]{.smallcaps} = (I~VV~ - GI~VH~)/(I~VV~ + 2GI~VH~). I~VV~ and I~VH~ describe the emission components relative to the vertical (V) or horizontal (H) orientation of the excitation and emission polarizer. The sensitivity of the spectrometer for different polarizations was corrected using horizontal excitation to obtain G = I~HV~ / I~HH~. Typical G-values for Cy3B and ATTO647N were 0.65 and 0.43, respectively. We used 20 mM HEPES-KOH pH 7.5, 200 mM KCl, 5 mM MgCl~2~ as a buffer and analyzed the anisotropy of the labeled protein and DNA samples in a concentration range of 50--2000 nM. The determined anisotropy values are summarized in [Table S1](#mmc1){ref-type="supplementary-material"}; this includes a discussion on the FRET-ruler character of our assays.

### Single-molecule fluorescence microscopy and ALEX {#sec4.4.10}

Single-molecule ALEX experiments were performed at room temperature (22°C) using a home-built confocal microscope similar to the described setup ([@bib15]). In brief, two laser-diodes (Obis, Coherent, USA) with emission wavelength of 532 and 637 nm were directly modulated for alternating periods of 50 μs and used for confocal excitation. The laser beams where coupled into a single-mode fiber (PM-S405-XP, Thorlabs, UK) and collimated (MB06, Q-Optics/Linos) before entering a water immersion objective (60X, NA 1.2, UPlanSAPO 60XO, Olympus). The fluorescence was collected by excitation at a depth of 20 μm. Average laser powers were 30 μW at 532 nm (∼30 kW/cm^2^) and 15 μW at 637 nm (∼15 kW/cm^2^). Excitation and emission were separated by a dichroic beam splitter (zt532/642rpc, AHF Analysentechnik), mounted in an inverse microscope body (IX71, Olympus). Emitted light was focused onto a 50 μm pinhole and spectrally separated (640DCXR, AHF Analysentechnik) on two APDs (τ-spad, \< 50 dark-counts/s, Picoquant) with appropriate spectral filtering (donor channel: HC582/75; acceptor channel: Edge Basic 647LP; both AHF Analysentechnik). The signal was recorded using custom-written LabVIEW software ([@bib26]).

### ALEX data analysis {#sec4.4.11}

The stoichiometry S and apparent FRET efficiency E∗ were calculated for fluorescent bursts having at least 250 photons, to yield a two-dimensional histogram ([@bib26]). Uncorrected FRET efficiency E∗ monitors the proximity between the two fluorophores via normalization of sensitized acceptor emission to the total fluorescence of both fluorophores during green excitation. S is defined as the ratio between the overall green fluorescence intensity over the total green and red fluorescence intensity and describes the ratio of donor-to-acceptor fluorophores in the sample. We used published procedures to identify bursts corresponding to single molecules ([@bib12]). For this we used three parameters characterizing the burst: total of L photons with M neighboring photons within a time interval of T microseconds. For the data presented in this study, a dual-color burst search ([@bib42]), using parameters M = 15, T = 500 μs and L = 25, was applied. Additional thresholding removed spurious changes in fluorescence intensity and selected for intense single-molecule bursts (all photons \> 250 photons unless otherwise mentioned). E∗ and S values for each burst and thus for individual molecules were binned into a two-dimensional histogram, where we selected donor-acceptor-containing sub-populations according to their intermediate S values (see [Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). The one-dimensional E∗ histograms were fitted with a mixture model of a variable number of Gaussian distributions (1-3). In the fitting procedure the mean and the amplitude were derived from fitting, whereas the standard deviation was fixed or allowed to vary over a small region defined from static DNA samples having attached fluorophores at specific positions (see [Table S2](#mmc1){ref-type="supplementary-material"}). We used the minimum number of distributions that fitted the experimental data, in which the mean value defines the apparent FRET value (E∗) and the amplitude the abundance of a conformational state. Custom-made software was applied ([@bib15], [@bib46]). The errors of the populations were obtained by the SD from 3--5 measurements.

To remove unwanted signals from large fluorescent aggregates that generate a sequence of apparent bursts with similar but ambiguous (high) E values, we applied an additional filter based on the correlation between the bursts. To exclude an undesirable systematic influence of the filter on the relative distributions between open/intermediate/closed states, we analyzed all datasets with and without this filter and obtained identical percentages. In brief, X~i~ is a Bernoulli-distributed random variable specifying the E state of the *i*th burst with an E-value of E~i~ with its related probability p'. We define X~i~ = 0 for E~i~ \< e and X~i~ = 1 for E~i~ \> e. An estimator for p' is the fraction of bursts in the dataset with E \> e and is denoted by ${\widehat{p}}^{'}$. Second, we define another random variable of the *i*th burst by $T_{i} = \sum_{j = 1}^{n}{X_{i - j} + X_{i + j}}$. T~i~ has a binominal distribution with parameters 2n and p~i~. An estimator for p~i~ is ${\widehat{p}}_{i} = \left( {2n} \right)^{- 1}\sum_{j = 1}^{n}X_{i - j} + X_{i + j}$. If all bursts in a given dataset are uncorrelated then p~i~ = p'. Since the observed fluorescent aggregates show unrealistically high FRET efficiencies we have p~i~ \> p'. We designed a hypothesis test that probes whether the *i*th bursts with X~i~ = 1 comes from a single labeled fluorescent molecule or from a fluorescent aggregate. The hypothesis test is H~0~: p~i~ = p' versus H~1~: p~i~ \> p'. We set the critical region of acceptance of H~0~ from ${\widehat{p}}_{i}$ = 0 to ${\widehat{p}}_{i} = {\widehat{p}}^{'} + w\sqrt{{\widehat{p}}^{'}\left( {1 - {\widehat{p}}^{'}} \right)}$. If for the *i*th burst X~i~ = 1 and H~0~ is rejected, the burst is taken out from further analysis. To control type II errors, we chose the w-values between 0.5 and 2, depending on the relative amount of aggregation present. The large fluorescent aggregates create around 6-12 (correlated) bursts with an E-value of E \> 0.9. To only select the bursts from aggregates, we chose n = 3 and e = 0.9. If no aggregation exists, the filter removes only 1%--4% of the data. In case there is an aggregation, 10%--15% of the data is filtered out.

To directly probe association of fluorescently-labeled ABCE1 to the 30S or 70S ribosome, we used the large increase in molecular mass and associated slower diffusion as an independent observable. For this purpose, a histogram for the size of the bursts was constructed with a bin-size of Δ (200--400 μs, depending of the amount of data). Let $m_{i}$ denote the number of bursts having a burst-size between *i*Δ-Δ/2 and *i*Δ+Δ/2. The tail of the burst-size histogram can be approximated by the function:$$P\left( {t;D} \right) = NDe^{- Dt}$$where $t$ = *i*Δ, $D$ is the relative diffusion constant and is proportional to the (translational) diffusion coefficient and the size of the excitation volume of the confocal microscope, and $N$ is a constant that depends on the size of the excitation volume and is proportional to the number of data points in the histogram ([@bib29]). We analyzed the burst-size histogram from *t*~*1*~ = *n*Δ to *t*~*2*~ = *m*Δ, where *k* = *m* -- *n +* 1 and used simple linear regression to obtain an estimator for $D$, denoted by $\widehat{D}$:$$\widehat{D} = \frac{\sum_{n}^{m}{\left( {k^{- 1}\sum_{n}^{m}{\log\ m_{i} - \log\ m_{i}}} \right)\left( {\text{Δ}i - k^{- 1}\sum_{n}^{m}\text{Δ}i} \right)}}{\sum_{n}^{m}\left( {\text{Δ}i - k^{- 1}\sum_{n}^{m}{\text{Δ}i}} \right)^{2}}$$Note that, $- \widehat{D}$ is the *linear slope* of the histogram on the log-scale. Typically, *t*~*1*~ = 2 ms and *t*~*2*~ = 8 ms. The estimated relative diffusion constants of the 30S/70S bound ABCE1 and free ABCE1 are denoted by $\widehat{D_{1}}$ and $\widehat{D_{2}}$, respectively. The tail of the burst-size histogram of a mixture of 30S/70S-bound and free-ABCE1 can then be approximated by the function:$$P\left( {t;D_{1},D_{2},A} \right) = N\left( {A\ D_{1}\ e^{- D_{1}\ t} + \left( {1 - A} \right)D_{2}\ e^{- D_{2}\ t}} \right)$$where *A* is the fraction of ABCE1 molecules that are bound to 30S/70S (*D1*), and 1-*A* is the fraction of ABCE1 molecules that are free (*D2*). Contrary to [Equation 1](#fd1){ref-type="disp-formula"}, [Equation 3](#fd3){ref-type="disp-formula"} is not linear on the log-scale. However, we can still calculate the *linear slope* $- \widehat{D}$ by using [Equation 2](#fd2){ref-type="disp-formula"}. An estimator for *A*, denoted by $\widehat{A}$, was found by solving,$$\widehat{D} = \frac{\sum_{n}^{m}{\left( {k^{- 1}\sum_{n}^{m}{\log\ P\left( {\text{Δ}i;\widehat{D_{1}},\widehat{D_{2}},\widehat{A}} \right)} - \log\ P\left( {\text{Δ}i;\widehat{D_{1}},\widehat{D_{2}},\widehat{A}} \right)} \right)\left( {\text{Δ}i - k^{- 1}\sum_{n}^{m}{\text{Δ}i}} \right)}}{\sum_{n}^{m}\left( {\text{Δ}i - k^{- 1}\sum_{n}^{m}{\text{Δ}i}} \right)^{2}}$$Importantly, due to the log-transform, the unknown constant $N$ cancels in [Equation 4](#fd4){ref-type="disp-formula"}, therefore allowing to obtain an estimator for *A*. All calculations were done with the software package *Mathematica* (Wolfram).

### Confocal scanning microscopy and data analysis {#sec4.4.12}

To gain information on possible conformational sampling of ABCE1 at room temperature, we used the same home-built confocal microscope as described before ([@bib15]). Surface scanning was performed using a XYZ-piezo stage with 100 × 100 × 20 μm range (P-517-3CD with E-725.3CDA, Physik Instrumente). The detector signal was registered using a Hydra Harp 400 picosecond event timer and a module for time-correlated single photon counting (both Picoquant). The data, e.g., time traces and scanning images, were extracted using custom made software. Data were recorded with constant 532-nm excitation at an intensity of 0.5 μW (∼125 W/cm^2^). Surface immobilization was conducted using an anti-His antibody and established surface-chemistry protocols as described ([@bib15]).

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

Statistical analyses were performed with Origin software version 2018 (OriginLab), MATLAB R2014b (MathWorks) and GraphPad Prism 5 (GraphPad). The standard deviation in the ATPase assays in [Figure 1](#fig1){ref-type="fig"}D and [Figure S1](#mmc1){ref-type="supplementary-material"}B and ribosome splitting data in [Figure S1](#mmc1){ref-type="supplementary-material"}F were derived from the independent assays with labeled and unlabeled protein. FRET histograms were fitted with a Gaussian mixture model with a restricted standard deviation (see the [STAR Methods](#sec4.1){ref-type="sec"} section for details). The data (means and the amplitudes) correspond to mean ± SD of 3-5 repeated experiments (i.e., independent protein purification and labeled sample). The mean ± SD are indicated in [Figures 3](#fig3){ref-type="fig"}B, 3C, [4](#fig4){ref-type="fig"}B, 4C, 4F, [S2](#mmc1){ref-type="supplementary-material"}F, [S3](#mmc1){ref-type="supplementary-material"}A, S3B, [S4](#mmc1){ref-type="supplementary-material"}E, and [S5](#mmc1){ref-type="supplementary-material"}B and [Table S2](#mmc1){ref-type="supplementary-material"}. Diffusion data presented in [Figures 2](#fig2){ref-type="fig"}B, 2D, [4](#fig4){ref-type="fig"}D, [S2](#mmc1){ref-type="supplementary-material"}C, and [S4](#mmc1){ref-type="supplementary-material"}C correspond to 95% confidence interval of the slope of a single measurement. Qualitatively consistent results were obtained upon repetition with an independently purified and labeled protein sample. Anisotropy values as presented in [Table S1](#mmc1){ref-type="supplementary-material"} correspond to mean ± SD of duplicate measurements with the same labeled sample.

Data and Code Availability {#sec4.6}
--------------------------

Data obtained in this study are included in the manuscript and the [Supplemental Information](#app1). SmFRET histograms and burst size analysis are included in the manuscript. Primers used for generation of cysteine variants are listed in the [Key Resources Table](#sec4.1){ref-type="sec"}.
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